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Abstract 
In Brazil, large players in Energy Market dedicate many efforts in valuation and optimal capital allocation decision for their 
projects implementation, due the large candidate projects number in their investment portfolios. These decisions aim to 
choose the projects subset to be implemented, because the monetary resources are generally smaller than necessary for all 
projects. There are presented many risks that increase as the risks and uncertainties deal with analysis and optimal 
decisions. 
The classical methods to investment portfolios valuation are based on maximizing the returns and minimizing 
the risks. These classical methods may not be able to handle properly the Real Options of projects, their risks 
and uncertainties. 
This paper presents a Fuzzy Real Option model portfolio analysis for valuation phase and a genetic algorithm 
for optimization phase. A real case is presented to illustrate the methodology. 
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1. Introduction 
According to the National Electric Energy Agency -ANEEL , the current installed capacity of generation 
and import of Electricity in Brazil is about 142.000 MW, about 86.000 MW in hydro generation , and about 
42.000 MW in conventional thermal generation including gas, oil, biomass, coal and nuclear. 
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According to the Energy Balance Annual 2015, the Energy Research Company- EPE, considering only the 
non-emergency capacity, the thermal generation, including nuclear, has increased 13% in the period of 1994 to 
1998 ,15.3 % in 1999 and 30 % in 2014. 
The boost in thermal generation verified from the year 2000 was mainly the thermoelectricity priority 
program, whose objective was to provide a rapid deployment of thermoelectric plants powered by natural gas. 
One of the main problems presented to the agents market of Energy and Electricity Generation is the 
evaluation and optimal allocation of capital decision for the implementation of their investment projects 
because of the large number of candidate projects in their portfolios and uncertainties involved. 
In Brazil, due to hydroelectric predominance, there is a low spot price volatility in the short term and high 
volatility in the medium and long term, and it is in this context that the thermal plants of the Brazilian system 
are inserted. 
As the Brazilian market energy sales contracts are financial instruments, it is known that a thermal plant that 
produces energy only during periods of high spot price, can have its energy supply contracts with a lower 
effective cost because the long periods of low prices , the plant can buy power for a much lower value in the 
short term market .The operational flexibility in thermal power plants is an attractive feature in the Brazilian 
system to raise the profitability of the project . 
Decision makers must choose the subset of projects to be implemented as often, companies do not have the 
financial resources (own or raised in the financial market) for the implementation of all candidate projects. 
According to Aid [1], the companies that operate in this market have different investment opportunities. 
Regardless of the size of the company, the decision makers try to answer the following questions: 
x One should invest in energy production or customers should be met through positions in the wholesale 
markets? 
x In which type of actives of production should invest? 
x How much of each type of active the agent must have? 
According to April [2], the managers and decision makers do not use computational tools for the analysis of 
a large number of projects. They base the analysis on their intuition, experience and simple methods so, the 
decision could not be the best one. 
This paper presents a portfolio evaluation model of "Revamps" investment projects in thermoelectric plants 
in Brazil. In industrial area, the generic term "Revamp" is used to set any project related to the adjustment, 
modification , modernization , revitalization , expansion and reforms in general of any industrial plant, 
including thermal generation plants. 
This paper has two phases: in phase one there are determined some portfolios list based on return, risk and 
investment costs using a Fuzzy Real Options model and the second phase these portfolios list is optimized 
using Genetic Algorithms to select the best portfolio. 
2. Real Options in Energy and Thermal Electricity Generation 
Deregulation of the Electricity Market in several countries including Brazil, has incorporated a number of 
uncertainties and flexibilities to agents, investors and risk managers in this segment of the economy. Thus, the 
traditional tools of investment analysis became limited to deal with these uncertainties and flexibilities, making 
possible the use of real options theory in the analysis of investments in the context of the Electricity Market in 
Brazil. The increasing use by businesses of Real Options Theory to evaluate their capital investments was 
published by Triantis and Borison [3], when a survey of the practice of Real Options summarized the 
experiences of 34 companies in this area was presented. 
In Brazil , the use of real options in practical applications on Energy Market by companies is still growing , 
especially Petrobras - Petróleo Brasileiro SA, that is an integrated energy company. A general approach to the 
types of real options existing in the economic evaluation of thermal power plants was made by Griffes , Hsu 
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and Kahn [4], which they describe and show through simple examples , among others, that the following 
options exist : 
x Growth option ; 
x Abandonment option ; 
x Standby option ; 
x Conversion option ; 
x Repowering option ; 
x Operational flexibility option. 
In Brazil, some studies have also been developed in this area. In one, this identification was made by Angst 
[5] for a Thermal Power Plant Natural Gas already installed in Southeast Subsystem and dispatched centrally 
by ONS . In this paper, the following options were discussed: 
x Input exchange option; 
x Reduction Option power supply to the Electric System; 
x Option of expansion. 
By far, the Real Options method that has been more analyzed and priced in thermal evaluation is the 
operational flexibility of choice due to a temporarily stop. Usually, this evaluation is done by considering that 
when the spot price of electricity is above the variable cost, it is profitable to operate the plant. However, if the 
cost is high, there is flexibility to reduce the generation level or stop operation, avoiding losses. 
The variable cost is obtained by multiplying the Heat Rate (which measures the plant efficiency indicating 
how many fuel units are necessary to produce a MWh) with the fuel spot price, being interpreted as the exercise 
price of a call option . The value of the project is determined by integrating the value of the options to generate 
every moment throughout the lifetime of the project. 
3. Pay Off  for Real Options using Fuzzy Numbers  
More recent studies have addressed a practical method based on Probability Theory to calculate the value of 
real options, as Mathews and Salmon [6] have shown that the method and its results could be equivalent to 
Black & Scholes model. 
The method is based on the generation and simulation of probability distributions for the Net Present Value 
(NPV) of future project returns. These probability distributions of future cash flows are used to generate the 
distribution of Pay- Offs. Triangular fuzzy numbers are used to represent the future distribution of possible 
expected costs and revenues of the investment project, as well as profitability of these results by NPV. The 
fuzzy NPV is a fuzzy number and represents the distribution of the Pay- Offs resulting from the project. 
A managerial flexibility that allows future actions introduces an asymmetry in the distribution of project 
NPV odds. In the absence of managerial flexibilities, the distribution of the project NPV possibilities’ should 
be considered symmetrical. The fuzzy triangular numbers model the three most important points that are the 
worst, the medium and the best. 
According to the PMBOK - Project Management Body of Knowledge [7], Project Management Institute, the 
inaccuracy within the estimation process of a project can be treated by an estimated 3 points, considering the 
following term scenarios, to set the approximate range of project implementation period: 
x Most Likely - an estimate based on the duration of the project , given its activities and the resources 
likely to be nominated, their productivity and availability for the implementation of project activities , 
taking into account dependencies and possible interruptions ; 
x Optimistic - the period of the project is based on the best term scenario ; 
x Pessimistic - the period of the project is based on worst scenario. 
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In this paper the investments related to construction, expansions and renovations of thermal power plants, 
where modeled by existing uncertainties in the implementation of these time estimates. In addition to the 
difficulty of establishing a probability distribution to represent this risk because of the small number of similar 
projects implemented by the agent or with reliable historical data. 
 
4. Genetic Algorithms  
Genetic algorithms are a field of artificial intelligence, which contains the systems inspired by nature, which 
use natural processes to solve real complex problems and have a large search space. Genetic algorithms are 
grounded in genetics of living organisms to seek optimal solutions or suboptimal. This is due to the coding of 
each possible solution to a problem in a chromosome called structure, which is formed by a string. 
Chromosomes represent individuals who are evolved from generation to generation, similarly to living beings, 
according to the principles of natural selection and survival of the fittest. According to Lazo [8], genetic 
algorithms are particularly suited to non- linear problems and discontinuous and all those problems that can fail 
in a traditional layout optimization. The fundamental benefit of an optimizer based on genetic algorithms is 
their ability to address problems that have many restrictions. 
 
5. Evaluation of Revamp Project Portfolio in Thermoelectric Power Plants 
       For the application of the proposed model it has been considered a numerical example with a 
portfolio of 15 investment projects of a real business environment, modeled with uncertainty and imprecision. 
The following types of projects, equivalent to Real Options Portfolio were considered: 
x Expansion of existing plants (expansion option) ; 
x Simple thermal cycle plants transformation for combined cycle (repowering option) ; 
x Conversion of the plant to natural gas for operation bi- fuel, with diesel oil as an alternative fuel (input 
change option). 
              Table 1 presents the portfolio of projects of thermal power plants that have been evaluated, as well as 
their technical characteristics and operational fixed costs. 
Table 1. Portfolio of projects of thermal power plants 
Project 
Expected Value of Fuzzy Real 
Option (MMBR$) 
Standard Deviation of Fuzzy Real 
Option (MMBR$) 
Fuzzy investment cost 
(MMBR$) 
  
P           MP            O P              MP          O   O   MP   P   
P1 [ 154,9 ; 162,11 ; 169,65 ] [ 55,08 ; 55,74 ; 56,58 ] [ 105 ; 140 ; 205 ] 
P2 [ 496,19 ; 531,11 ; 579,88 ] [ 103,21 ; 104,08 ; 105,78 ] [ 320 ; 380 ; 460 ] 
P3 [ 303,16 ; 318,21 ; 334,46 ] [ 87,12 ; 87,74 ; 88,6 ] [ 210 ; 240 ; 285 ] 
P4 [ 270,56 ; 283,7 ; 309,08 ] [ 92,84 ; 93,57 ; 94,95 ] [ 175 ; 200 ; 250 ] 
P5 [ 53,27 ; 53,94 ; 54,42 ] [ 121,73 ; 122,4 ; 122,86 ] [ 35 ; 40 ; 55 ] 
P6 [ 51,76 ; 54,18 ; 55,52 ] [ 36,11 ; 36,96 ; 37,53 ] [ 30 ; 40 ; 60 ] 
P7 [ 13,55 ; 13,75 ; 14,03 ] [ 30,67 ; 31,05 ; 31,37 ] [ 7 ; 10 ; 15 ] 
P8 [ 182,69 ; 194,88 ; 202,11 ] [ 53,65 ; 54,65 ; 55,09 ] [ 155 ; 190 ; 210 ] 
P9 [ 451,32 ; 490,16 ; 562,69 ] [ 107,44 ; 108,52 ; 111,09 ] [ 360 ; 410 ; 480 ] 
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P10 [ 35,23 ; 35,54 ; 36,14 ] [ 78,23 ; 78,99 ; 80,09 ] [ 20 ; 25 ; 35 ] 
P11 [ 113,28 ; 120,12 ; 124,06 ] [ 38,6 ; 39,63 ; 40,16 ] [ 85 ; 80 ; 110 ] 
P12 [ 49,75 ; 52,8 ; 57,06 ] [ 25,58 ; 26,12 ; 26,73 ] [ 115 ; 138 ; 150 ] 
P13 [ 20,16 ; 22,3 ; 25,51 ] [ 19,45 ; 19,74 ; 20,3 ] [ 13 ; 17 ; 21 ] 
P14 [ 20,74 ; 20,9 ; 21,1 ] [ 48,92 ; 49,21 ; 49,32 ] [ 11 ; 16 ; 20 ] 
P15 [ 128,85 ; 139,85 ; 147,03 ] [ 33,19 ; 33,76 ; 34,23 ] [ 100 ; 120 ; 140 ] 
 
   For the portfolio selection, genetic algorithm has two objectives that are: Maximizing the Total Return and 
Minimizing Total Portfolio Risk to certain maximum range of total investment. 
In the proposed model, the portfolio return was given by the total expected amount of Real Portfolio options 
represented by the sum of the expected fuzzy values of Real Options for each portfolio project as presented in 
equation 1. 
¦  ni iPiPortfolio xFROVFROV 1                                                                         (1) 
Where: 
PortfolioFROV = total value of real options portfolio represented by a fuzzy triangular number; 
PiFROV  = expected value of Real option for project i represented by a fuzzy triangular number; 
ix = contribution of project i in a portfolio represented by binary numbers 0 or 1. 
    Portfolio’s risk was measured by the total variance of portfolio represented by the fuzzy standard deviations 
obtained for each project as presented in equation 2. 
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Where: 
2
PortfolioV = portfolio’s variance represented by a fuzzy triangular number; 
PiV  = standard deviation of project i represented by a fuzzy triangular number; 
PjV = standard deviation of project j represented by a fuzzy triangular number; 
ji,U = correlation index between projects i and j. 
For the simplified estimate correlations between pairs of types of projects, simulations were performed 
between the different types of projects evaluated simultaneously and validation tests have been done. Thus, the 
following correlations between the Revamp options were found: +0.98 between expansion projects; +0.99 
between cycle closing projects; +0.99 between conversion projects for biofuel; +0.75 between expansion 
projects and cycle lock; -0.41 between expansion projects and conversion to biofuel and -0.1 between cycle 
closing projects and conversion to biofuel. 
Setting the value of total investment limit of the portfolio is given in equation 3, and was represented as a 
constraint in the model. 
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PortfolioI = investment cost of portfolio represented by a fuzzy triangular number; 
iI = investment cost of project i represented by a fuzzy triangular number; 
ix = contribution of project i in portfolio represented by a binary number (0 or 1). 
  To calculate the total return, variance, total portfolio investment cost and the total NPV, it was used sum, 
subtraction, multiplication and division between fuzzy triangular numbers presented in equations 4 to 7. 
 
],,[],,[],,[ 212121222111 OOMPMPPPOMPPOMPP                               (4)  
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Where: 
P1= the pessimistic possibility of a fuzzy triangular number 1; 
MP1= the medium possibility of a fuzzy triangular number 1; 
O1= the optimistic possibility of a fuzzy triangular number 1; 
P2= the pessimistic possibility of a fuzzy triangular number 2; 
MP2= the medium possibility of a fuzzy triangular number 2; 
O2= the optimistic possibility of a fuzzy triangular number 2; 
 
  Once defined the methodology for calculating the return indicators and portfolio risk, the next step is the 
definition of its assessment tasks for these values in the genetic algorithm, which are calculated from the fuzzy 
values. In this paper the approximation method was designed to normalize these evaluation functions.  
  To develop the evaluation functions, the obtained values for the portfolios returns and risks, that are fuzzy 
numbers and must be defuzzyfied to be used by the genetic algorithm. 
  The equation 8 represents the equation for the proposed genetic algorithm model. For the solution of the 
multi-objective problem, the developed model had a weighting index (λ), with varying coefficients intended to 
indicate the preference / agent utility in relation to the return and risk weighting in the investment decision. 
 
           (8) 
 
 
Where:  
µ = activation function of genetic algorithm; 
λ = weighting index. 
   For each evaluated portfolio, the representation of the optimization problem was the optimal portfolio for a 
maximum value of a total investment, representing the actual budget constraints of the agents. For each 
portfolio, these budget constraints were represented by the equation 9 as restriction on the genetic algorithm. 
 
 
 
                                       (9) 
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Where: 
PortfolioEI =total expected value cost investment of portfolio; 
maxI  = total maximum value to be invested by the agent in Revamp projects. 
 
 
6. Results 
    It is presented in table 2 the results of the numerical optimization example studied, considering the same 
importance of the agent for the return objective functions and risk ( 0.5) , through the optimal portfolios found 
by the genetic algorithm for each total investment range, so as total return , standard deviation , NPV, 
coefficient of variation ( standard deviation ratio / return ) and evaluation component of the genetic algorithm , 
50% crossover rate and 10% mutation rate. 
 
 
    Table 2. Optimal portfolio  
 
 
 
 
   These results define for each total investment range offered by the agent, which would be the optimal subset 
of projects to be implemented. The relative return x risk of each portfolio is related to the value of the 
objective function of the genetic algorithm. In this case, the investment range with better relative return x risk is 
R$ 1,400 million, with expected return of R$ 1,741 million standard deviation of R$ 348 million and the 
appraised value of the genetic algorithm of 0.678. In this range, would be implemented 7 projects, 2 expansions 
(P4 and P15), 3 cycle locks (P2, P8 and P9) and 2 conversions to dual fuel (P10 and P14). 
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7. Conclusions and recommendations for future research 
In this paper, it was concluded that the use of real options theory in the evaluation of investment projects 
under conditions of uncertainty, had good results and can be used as alternative to the traditional tools of 
investment analysis, including when combined with the techniques of Computational Intelligence, in this case, 
Fuzzy Numbers and Genetic Algorithms.  
The choice of the optimal portfolio of investment projects in Revamps in Energy Thermoelectric generation 
plants can be one of these cases , as there are several sources of uncertainty associated with projects and 
remuneration of these plants , such as employment levels and order, price Differences settlement ( PLD) , 
Generation Variable costs for Natural Gas and Diesel, Investment costs and implementation deadlines. 
This study also aimed to show that according to the budget range and the expected value of the total real 
options portfolio options, projects of priority can be changed, showing the relevance of obtaining the optimal 
portfolio for each total budget range, emphasizing the methodology utility developed as a support tool for 
strategic investment decisions for major players in the energy market because of the large number of 
opportunities available on their financial capacity.  
The evaluation results presented as fuzzy numbers show to decision makers the variability ranges of the 
value added by each of the options, being held by defuzzyfication only in the optimization stage. 
These results show relevant and important today and in the future of energy markets in Brazil , with a view 
to increasing integration between the various markets and companies of various energy sources such as  
electricity. 
For future research it can be done an adaptation of this model for other types of revamp projects in power 
generation plants, to other types of industrial plants and analyse thermal power plants using other fuels as 
alternatives to Natural Gas in addition to diesel, such as fuel oil, ethanol and biodiesel. 
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